Intrinsic plasticity of cerebellar Purkinje cells (PCs) is recently highlighted in the cerebellar local circuits, however, 20 its physiological impact on the cerebellar learning and memory remains elusive. Using a mouse model of memory 21 consolidation deficiency, we found that the intrinsic plasticity of PCs may be involved in motor memory 22 consolidation. Gain-up training of the vestibulo-ocular reflex produced a decrease in the synaptic weight of PCs 23 in both the wild-type and knockout groups. However, intrinsic plasticity was impaired only in the knockout mice.
Introduction

29
It is widely believed that the cellular basis of memory is derived from modifications of synaptic transmission, 30 such as long-term potentiation (LTP) and long-term depression (LTD) (Kandel et al., 2014) . In addition, changes 31 in intrinsic neuronal excitability (intrinsic plasticity) may be an additional mechanism through which memory is 32 6 measurements were made: 0.5 and 1 hours two points as short-term period, 4 hours as the mid-term period and 24 146 hours as the long-term period. The memory retention level was evaluated at each of these periods. Both groups 147 showed normal basal oculomotor performance ( Figure S1 ) and no memory impairment at the short-term period 148 ( Figure 1B) . However, at the mid-term period, the memory retention level was significantly lower in the 149 STIM1 PKO group than in the wild-type group. Furthermore, at the long-term period memory retention was 150 eliminated in the STIM1 PKO group ( Figure 1B) . This temporal alteration in the memory retention level was re-151 calculated as the ratio of the remaining memory at the test session to the acquired memory at the training session 152 ( Figure 1C ). This revealed a showing gradual reduction in memory retention over the studied periods. Given that 153 the slight decline in the level of memory retention began 1 hour after the learning task and developed further, we 154 speculated that the impaired motor memory consolidation that was observed in the STIM1 PKO mice was based on 155 defect of memory transfer process, leading to inappropriate communication between the cerebellar cortex and the 156 VN.
158
Learning generally induces PF-PC synaptic plasticity in both groups 159 Many previous studies, using various LTD-deficient animal models, have reported that synaptic plasticity at the 160 PF-PC synapse is strongly correlated with motor learning (Boyden et al., 2006; De Zeeuw et al., 1998; Hansel et 161 al., 2006) . Late-phase LTD has also been implicated in VOR memory consolidation (Ahn et al., 1999; Boyden et 162 al., 2006) . This suggests that a learning-induced long-lasting reduction of cerebellar cortical activity drives the 163 transduction of memory to the sub-cortical region. Interestingly, because the time course of late-phase LTD is 164 similar to that of the mid-term period of study, we investigated whether PF-PC LTD is involved in memory 165 consolidation. To verify this in detail, electrophysiological ex vivo recordings were made from floccular PCs to 166 investigate the signs of synaptic plasticity at the short-, mid-and long-term periods after learning task. This 167 approach enabled us to monitor neuronal activity for periods of over an hour, overcoming the experimental 168 limitation of the whole-cell patch clamp technique. Due to the location of micro zone of the flocculus that regulates 169 horizontal VOR behavior, we recorded from PCs that were located in the medial part of the flocculus (Schonewille   170   et al., 2006) . As a control group, we used sham animals that had undergone surgery and restraint without the 171 learning task. We firstly measured the PF-stimuli-evoked synaptic response (eEPSC) following the injection of 172 ranges of electrical stimuli intensities. In these experiments, the amplitude 99-101e of the eEPSC was decreased 173 at the short-(1hr) and mid-term (4hr) period than sham group. However, this alteration was recovered, with the 174 eEPSC returning to a level that was not significantly different to that of sham control before the long-term phase 7 in both group (Figure 2A and B ). In addition to the PF-evoked synaptic events, the spontaneous excitatory 176 postsynaptic current (sEPSC) was recorded after the learning task. Between the sham groups of both genotypes, 177 there was no significant difference in the spontaneous glutamatergic synaptic transmission ( Figure S2 ). The 178 distribution of the inter-event intervals (IEIs) of synaptic events was shifted to the right after the learning task and 179 was restored at the long-term period in both groups ( Figure 2C and E). However, the mean frequency of sEPSC 180 in the STIM1 PKO mice was transiently reduced until 1 hour after the learning task, and was recovered 4 hours later, 181 while in the change of wild-type littermates, the change was maintained throughout all of the time periods after 182 the learning task (insets of Figure 2C and E). Conversely, the aspect of changes in the sEPSC amplitudes in the 183 STIM1 PKO mice were comparable to that of the wild-type littermates ( Figure 2D and F). In both groups, the 184 distribution of the sEPSC amplitude was left-shifted after the learning task and this change was maintained until 185 the long-term period. Collectively, these results, as well as the results of a previous study (Boyden et al., 2006) ,
186
indicate that VOR gain-up training elicited synaptic weakening of the PF-PC synapses. Although the alterations 187 of sEPSC frequency that were observed in the STIM1 PKO mice were relatively transient compared to the results 188 observed in the wild-type group, overall, the aspects of plasticity that were induced by VOR learning were similar 189 between the groups. Therefore, we suggest that the learning-induced PF-PC LTD presumably did not contribute 190 to the long-term memory deficit observed in the STIM1 PKO mice.
192
Learning-induced intrinsic plasticity shows relevance in memory consolidation
193
Experience-dependent neural plasticity includes not only synaptic plasticity but also alterations in the intrinsic 194 excitability (Daoudal and Debanne, 2003; Zhang and Linden, 2003) . Because PF-PC LTD was not sufficient to 195 account memory consolidation, we investigated whether if intrinsic plasticity, the other form of neural plasticity, 196 could be a considerable factor in memory consolidation. To investigate whether excitability changes of cerebellar 197 PCs are required for memory consolidation, we firstly performed whole-cell patch clamp recordings to compare 198 the long-term depression of intrinsic excitability (LTD-IE) in the STIM1 PKO group and the wild-type littermates.
199
A PF burst protocol (7 of 100 Hz PF burst followed by a single CF stimulation; Shim et al., 2017) was introduced 200 to induce PC synaptic and intrinsic plasticity in the presence of an inhibitory synaptic transmission inhibitor, 201 picrotoxin. As shown in Figure 2 , both STIM1 PKO and the wild-type groups showed normal induction of PF-PC 202 LTD ( Figure S3A ) and LTD-IE. However, the magnitude of the intrinsic plasticity was weaker in the STIM1 PKO 203 group than in the wild-type group. Interestingly, the reduction in the excitability following LTD induction was 204 recovered 40 min after the induction in the STIM1 PKO mice, whereas, in the wild-type littermates LTD-IE was 205 8 elicited and developed further ( Figure S3B ).
206
Next, we examined the temporal alteration of PC excitability through ex vivo recordings after the learning task; 207 at short-, mid-and long-term time periods. In agreement with the results of in vitro experiments (Shim et al., 2017;  208 Figure S3A ), the firing frequency was decreased 1 hour after training in the wild-type littermates ( Figure 3A ).
209
The AP firing frequency of PCs was measured in current clamp mode through the injection of brief current steps 210 from the membrane potential of approximately -70 mV (500 ms, from +100 pA to +500 pA with an increment of 211 100 pA, step interval 4.5 s). The learning-induced intrinsic plasticity was partially recovered at the mid-term time 212 period and fully recovered to the value from the sham control at the long-term period. However, the STIM1 PKO 213 group showed a deficiency in the learning-induced intrinsic plasticity throughout the studied periods ( Figure 3B ).
214
Comparing the results from the different genotypes over the same time period, wild-type littermates has 215 significantly higher firing frequency in sham control, but the frequency reversed in the short-term period and 
226
We observed an impairment of intrinsic plasticity in the cerebellar PCs of the STIM1 PKO group through in vitro 227 and ex vivo recordings. This suggests that memory consolidation requires the transduction of a memory from the 228 cerebellar cortex into the sub-cortical area through the intrinsic plasticity of PCs. A large population of VN neurons 229 receive information from floccular PCs (Matsuno et al., 2016; Shin et al., 2011) . Furthermore, the output of the 230 cerebellar cortex serves as an instructive signal in the control the aspect of neuronal plasticity between mossy 231 fibers (MFs) and VN neurons (Clopath et al., 2014; Dean et al., 2010; McElvain et al., 2010; Medina, 2010; Porrill 232 and Dean, 2007; Shutoh et al., 2006; Yamazaki et al., 2015) . Thus, we hypothesized that the impairment of the 233 intrinsic plasticity of the cerebellar cortex that was observed in STIM1 PKO mice would lead to an inadequate 234 alteration of the VN neuron activity following VOR learning. To address this, we performed ex vivo recordings to 235 9 investigate spontaneous synaptic transmission after the learning task during three distinct time periods, short-, 236 mid-and long-term by ex vivo recordings. In the sham groups, the frequency of sEPSC in the STIM1 PKO group 237 showed remarkable augmentation compared to the wild-type group ( Figure S4A ). However, the sEPSC amplitude 238 was not significantly different between the STIM1 PKO group and wild-type group ( Figure S4B ). These results
239
imply that the homeostatic scaling in the VN neurons are due to the reduction of PC excitability in the STIM1 PKO 240 group ( Figure S3C ). Intriguingly, synaptic transmission was found to be potentiated after VOR learning in the 241 wild-type littermates throughout the periods of study ( Figure 4A and 4B ). Although the increase in the mean 242 frequency of sEPSC after training seemed to be restored at the long-term period, the cumulative distribution of 243 the IEIs was found to be left-shifted throughout the periods of study ( Figure 4A ). The cumulative fraction of the 244 sEPSC amplitude was especially right shifted at the long-term period, indicating that the proportion of increased 245 glutamatergic synaptic events was enhanced during this period ( Figure 4B ). However, the mean value was not 246 significantly altered compared to that of the sham control ( Figure 4B , inset). These results indicate that VOR gain-247 up learning induces LTP at the MF-VN synapse, in line with the previous expectation (Boyden et al., 2006) . In 248 contrast to the results presented from the wild-type littermates, the STIM1 PKO group showed a slight depression 249 of sEPSC frequency in cumulative distribution in the short-and mid-term time periods that continuously recovered 250 to baseline ( Figure 4C ). However, the mean frequency was not significantly altered among the periods of study 251 ( Figure 4C , inset). The amplitude of sEPSC was slightly left-shifted in the short-and mid-term time periods, and 252 mean amplitude in mid-term time period was significantly lower than that of the sham group ( Figure 4D ). In light 253 of previous reports, which have suggested that cerebellar PC activity contribute to MF-VN plasticity (Dean et al., 254 2010; Matsuno et al., 2016; McElvain et al., 2010; Medina, 2010) , we speculated that the synaptic plasticity at the 255 MF-VN synapse is inappropriately induced in the STIM1 PKO group due to the absence of PC intrinsic plasticity.
256
Furthermore, we asked whether the intrinsic plasticity of cerebellar PCs is also required for the adequate 257 induction of intrinsic plasticity in the VN neurons, because VOR training involves a change in the excitability as 258 well as synaptic transmission (Carcaud et al., 2017; Shutoh et al., 2006 ). To answer this, the gain responses were 259 measured through the injection of square-wised somatic depolarizing current into the VN neurons at the three time 260 periods after the learning task. The VN neurons of the STIM1 PKO group showed higher firing frequency in 261 response to the current injection than were observed in the wild-type littermates in the sham group ( Figure S4C ). 
288
There have been two long-lasting hypotheses for VOR learning that hold many different points of views. Marr-
289
Albus-Ito proposed that plasticity in the cerebellar cortex may be the key player in the adaptive eye-movement 290 motor learning (Albus, 1971; Ito, 1982; Marr, 1969) . During the VOR training, PF-PC LTD is established through 291 the conjunction of head movement-driven PF activation with visuo-vestibular mismatch-driven instructive CF 292 activation. For decades, the Marr-Albus-Ito theory has been confirmed and expanded by abundant experimental 293 evidence supporting the contribution of the PF-PC LTD to the adjustment of the VOR gain (De Zeeuw et al., 1998;  294 has been an alternative perspective for VOR behavior. Miles and Lisberger, (1981) suggested that the cellular 296 basis for the adaptive motor learning is activity-dependent neural plasticity of the VN neurons guided by an 297 instructive signal from the cerebellar cortex. In parallel with this perspective, several experimental observations 298 have insisted that cerebellar LTD might be not sufficient to be a central dogma of the cellular mechanism for the 299 VOR learning (Alphen and Zeeuw, 2002; Ke et al., 2009; Schonewille et al., 2011) . There is, however, 300 accumulating evidence supporting a reconciliatory learning model. (Boyden et al., 2004) proposed multiple 301 plasticity mechanisms, insisting that plasticity at the MF-VN synapse, as well as PF-PC synapses requires the 302 motor memory formation. In addition, VOR gain-up learning has been found to be selectively engaged in the PF-
303
PC LTD and thereby continue to MF-VN LTP (Boyden et al., 2006) . The authors pointed out that the output of 304 PCs may be responsible for the VN plasticity as Miles and Lisberger suggested. More recently, numerous 305 computational modeling studies have supported the theory that synaptic plasticity in both regions is required for 306 successful memory storage (Clopath et al., 2014; Dean et al., 2010; Porrill and Dean, 2007; Yamazaki et al., 2015) .
307
This theory highlights the importance of the communication between these brain regions. Despite many 308 implications suggesting that long-term storage of motor memory requires the memory transfer process from 309 cerebellar cortex to nuclei, the detailed mechanisms of this memory transfer have yet to be elucidated. The data 310 we presented here provides experimental evidence that VOR training results in the alteration of synaptic weight 311 and excitability at multiple sites, the cerebellar cortex and the VN. Moreover, this study elucidates an unrevealed 312 role of the intrinsic plasticity of cerebellar PCs in the VOR memory circuit by using the memory consolidation 313 deficit mice model (Figure 1 ). Learning-induced synaptic plasticity at the PF-PC synapse is observed in wild-type 314 littermates (Figure 2) , however, intrinsic plasticity is abolished within an hour of the learning task in the memory 315 consolidation deficient mouse model (Figure 3 ). Furthermore, this impairment of the intrinsic plasticity of PCs is 316 concomitant with the failure of VOR training-induced plasticity induction in the VN neurons (Figure 4) , although 317 the VN neurons in the STIM1 PKO mice are endowed with neural plasticity in vitro ( Figure S4G and S4H) , implying 318 that the learning-induced alteration of excitability in the PCs might serve as an instructive signal to induce the 319 appropriate plasticity induction in VN neurons ( Figure S5 ). These results support the previous expectations in 320 which suggested that PC activity can affect the synaptic and intrinsic plasticity induction in VN neurons 321 (McElvain et al., 2010; Medina, 2010) . Collectively, our results reconcile two long-standing hypotheses by 322 providing experimental evidence for the induction of multiple forms of plasticity through VOR learning in both 323 the cerebellar cortex and sub-cortical regions.
12
It has been assumed that motor memory is firstly formed in the cerebellar cortex and that neurons in the VN are 325 involved in late phase adaption for VOR gain (Ito, 2013; Shutoh et al., 2006) . This assumption implies that the 326 temporal order between PC and VN plasticity has to be considered in memory processing. In our results, the VN 327 plasticity is induced at a relatively later period than the plasticity in the PCs, and it indicates two major aspects.
328
One is that PF-PC LTD contributes to memory acquisition, and the other is that the consequent induction of 329 plasticity in VN neurons encodes long-term memory storage. Our data indicates that the impaired intrinsic 330 plasticity of the cerebellar PCs would impair memory transfer and disrupt long-term memory storage. This 331 supports the theory that the intrinsic plasticity of PCs connects two distinct brain regions and shapes the flow of 332 information flow from the cerebellar cortex to sub-cortical area. The temporal order of plasticity at multiple sites 333 may reflect the loci of memory storage. The ex-vivo recordings we presented here were executed at distinct time 334 points: short-(~1hr), mid-(~4hrs) and long-term (~24hrs) periods after learning. At the short-term period, the 335 VOR learning curve and synaptic plasticity were not impaired in the memory consolidation deficient mouse model,
336
although intrinsic plasticity was abolished ( Figure S5) . These results indicate that the memory acquisition may 337 require synaptic plasticity in the cerebellar cortex, but not intrinsic plasticity. Rather, the aspects of the memory 338 retention and deficiency of intrinsic plasticity in STIM1 PKO lead us to assume that the learning-induced alteration 339 in PC excitability might be involved in the memory transfer process. Consistent with previous implications, our 340 results suggest that the memory transfer occurs within 4 hours after learning (Kassardjian et al., 2005; Okamoto 341 et al., 2011; Shutoh et al., 2006) . Synergies between synaptic and intrinsic plasticity may provide an instructive 342 signal to convey the learned information into the sub-cortical area, the VN, at the mid-term (~4hrs) period.
343
Interestingly, the synaptic plasticity in the VN neurons is observed slightly later than the intrinsic plasticity of the 344 PC. Additionally, there is another slight delay in the VN intrinsic plasticity to reach peak ( Figure S5 ). These results
345
indicate that sequential flow of information from the cerebellar cortex to the sub-cortical region is responsible for 346 memory processing. Taken together, we conclude that the acquired VOR memory might be located in the 347 cerebellar cortex and the VN at the short-and long-term period, respectively, and a guiding instructive signal, 348 driven by the intrinsic plasticity of the PCs may take part in the transfer of memory from the cortical area to the 349 sub-cortical area during the mid-term time period.
350
It is widely believed that the plasticity of neuronal excitability is involved in the cellular mechanism for memory 351 storage. In particular, the intrinsic plasticity of cerebellar PCs shows features in the cerebellar memory circuits 352 that are distinct from other types of neurons. In the neurons in the amygdala and hippocampal, learning-related 353 neurons show higher excitability (Zhou et al., 2009) , and the depolarization of the membrane potential of these 354 13 cells enables the promotion of further synaptic plasticity (Ramakers and Storm, 2002; Watanabe et al., 2002) .
355
Thus, these excitable neurons form a stable connection by strengthening the synaptic weight the given neural 356 network, thereby consolidating the memory. In contrast, one previous study suggested that the intrinsic plasticity 357 of PCs occludes the subsequent induction of PF-PC synaptic plasticity (Belmeguenai et al., 2010) . Hence, the 358 plasticity of excitability may ensure that synaptic activity remains within a physiological limit by restricting 359 further synaptic plasticity and adjusting the impact of PF activation on the output of PCs. In addition, our data 360 show that there is no significant difference in the magnitude of synaptic plasticity at the PF-PC synapses between 361 the wild-type littermate group and STIM1 PKO group, although the excitability is lower in the STIM1 PKO group 362 than the wild-type group (Figure S3 and S4A ). This suggests that the basal membrane excitability in PCs is not 363 correlated with the synaptic plasticity induction or the magnitude of synaptic plasticity.
364
Given that potentiation of the spontaneous firing rates in cerebellar PCs is not sufficient for affecting the firing 365 rates in the DCN neurons (Belmeguenai et al., 2010) , this implies that potentiation and/or reduction of PC 366 excitability alone would be unable to significantly influence the neuronal activity in the sub-cortical area. Because 367 the intrinsic plasticity of PCs is modulated with the same polarity of the PF-PC synaptic plasticity, concurrence 368 of synaptic and intrinsic plasticity may synergistically produce a PC output in response to external inputs, such as 369 vestibular stimuli (Belmeguenai et al., 2010; Shim et al., 2017) . Furthermore, the ex-vivo recordings in this study 370 reveal that VOR gain-up learning induces PF-PC LTD and LTD-IE in PCs, indicating that the intrinsic plasticity 371 is accompanied by synaptic plasticity, which corresponds to the activity-pattern (Figure 2 and 3) . Collectively, we 372 suggest that learning-induced intrinsic plasticity may amplify the alteration of the synaptic transmission, resulting 373 in the synergistic modulation of the net output of PCs in order to maximize information storage. 
497
(B) Normalized gain of the eye movement in learning. Note there is no significant differences between wild-type 498 and STIM1 PKO mice in learning (points on white-colored background; wild-type n=36, STIM1 PKO n=39). We 499 measured memory retention level at 0.5 and 1 hour (described as short-term; wild-type n=21, STIM1 PKO 500 n=21), 4 hours (mid-term; wild-type n=10, STIM1 PKO n=11) and 24 hours (long-term period; wild-type n=13, 501 STIM1 PKO n=17) after training (points on grey-dotted background). STIM1 PKO showed significantly lower 502 memory retention level from the mid-term period compared to the wild-type littermates (4hr, p=0.037; 24hr; 503 p=0.004). 
514
the amplitude was significantly reduced at 1 hour and 4 hours after learning (at 50 μA injection; 1hr, n=19, 515 p<0.001; 4hr, n=9, p=0.002), and depressed amplitude was recovered 24 hours after (at 50μA injection; 24hr, 516 n=8, p=0.922).
517
(C) Amplitude of eEPSC by serial PF stimulation in STIM1 PKO . Same as wild-type littermates, the amplitude was 518 considerably decreased at 1 and 4 hours after, and restored at 24 hours after learning (at 50 μA injection; 519 19 sham, n=14; 1hr, n=14, p<0.001; 4hr, n=14, p=0.013; 24hr, n=7, p=0.232) .
520
(D) Representative sEPSC traces of wild-type group in each time point. Scale bars, 25pA (vertical) and 1s 521 (horizontal).
522
(E) Cumulative plots of inter-events-interval (IEI) of sEPSC in wild-type littermates. The cumulative fraction 523 was right-shifted after learning, implying reduction of frequency (sham n=15, 1hr n=15, 4hr n=8, 24hr n=8).
524
Inset bar graph is mean frequencies of sEPSC indicating depression of frequency was maintained until 24 525 hours after learning in comparison to sham group (1hr, p<0.001; 4hr, p<0.001; 24hr, p=0.029).
526
(F) Cumulative plots of amplitude of sEPSC in wild-type littermates. The cumulative fraction was left-shifted 527 after learning, implying reduction of amplitude. Inset bar graph is mean amplitudes of sEPSC indicating that 528 depression of amplitude was maintained for 24 hours after learning (1hr, p <0.001; 4hr, p<0.001; 24hr, 529 p<0.001). the cerebellar PCs in response to square-wised current injection ranging from 100 pA to 600 pA for 500 ms 550 (sham vs 1hr, p<0.001; sham vs 4hr, p=0.024; sham vs 24hr, p=0.717, left; sham, n=20; 1hr, n=11; 4hr, n=16; 551 24hr, n=20). Excitability in 600 pA injection was significantly decreased at short-term (1hr, p=0.002) and 
24
Unpaired t-test was used for bar graphs. Error bar denotes SEM. 
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(A) Frequency of synaptic transmission in VN neurons from wild-type littermates (n=23, blue) and STIM1 PKO mice 52 (n=14, red). The cumulative fraction of IEI and bar graph (inset) of sEPSC frequency indicated that frequency 53 of sEPSC was higher in STIM1 PKO compared to wild-type littermates (p=0.032).
54
(B) Amplitude of sEPSC in VN neurons from wild-type littermates (blue) and STIM1 PKO mice (red). The cumulative 55 fraction of amplitude and bar graph (inset) of sEPSC frequency indicated that amplitude of sEPSC was not 56 changed in STIM1 PKO compared to wild-type littermates (p=0.161).
57
(C-F) Excitability in VN neurons from STIM1 WT (blue) and STIM1 PKO (red) mice in each time points. Square-wised 58 somatic current steps were injected from membrane potential with various ranges from -150 pA to 150 pA with 59 increment of 50 pA for 1 s. (C) Overall, the gain responses of VN neurons from STIM1 PKO (n=16) were not
